Introduction
All-ceramic crowns are increasingly popular due to their excellent aesthetics and biocompatibility and acceptable strength (1) . Of the all-ceramic materials available today, yttria-stabilized tetragonal zirconia polycrystals (Y-TZP) exhibit the greatest fracture strength and are comparable to the gold standard in dental crown restorations thus far, metal-ceramic crowns based on high-noble alloy (1) . Crowns made of Y-TZP have been used for both anterior and posterior restorations. Although the strength of the core material in Y-TZP crowns is excellent and the survival rates are high, clinical trials report fractures of the veneering material, which lowers the success rates (2) .
The veneering material thus becomes a weak link for a restoration, and has been excluded, in so-called monolithic crowns. Monolithic crowns made of glass-ceramics based on lithium-disilicate have shown improved strength compared to earlier glass-ceramics and been suggested to be used for both anterior and posterior restorations (3) . Few clinical trials have been conducted, but show promising results (4) (5) (6) .
The aesthetic properties of lithium-disilicate glass ceramic materials are high enough to avoid the use of a veneering material. This was previously not an alternative for Y-TZP restorations as this material is less translucent and only available in opaque white color. Recently however, Y-TZP materials with improved translucency and color options have been introduced (7) making the monolithic Y-TZP restoration a possible treatment option.
The toughness of Y-TZP is dependent on the phasetransformation ability. This is achieved by adding dopants, e.g. 3 mol% yttria. At an optimal grain size, the tetragonal grains can expand at the crack tip and trans-form to a monoclinic, stable phase and prevent cracks from developing (1) . To enhance the translucency of Y-TZP, some manufacturers have altered the grain size and/or added other dopants, e.g. alumina. This could affect the mechanical properties of the new material. However, few studies have analyzed possible differences in strength between high-translucent and low-translucent Y-TZP, and even fewer have compared these materials with glass-ceramics (8, 9) .
Monolithic crowns offer other advantages such as reduced production time and improved cost-effectiveness (9) . Crown preparation always involves a risk, causing preparation trauma to the vital tooth, a risk that is increased the more extensive the preparation is (10) . Eliminating the veneering material in monolithic crowns creates possibilities for more minimally invasive preparations and restorations.
Restorations made from Y-TZP materials can likely be made thinner than glass-ceramic restorations as the strength of Y-TZP exceeds that of glass-ceramics. There is, however, no consensus on how thin the copings can be made and information is lacking on to what extent decreasing the thickness of monolithic Y-TZP and glass ceramic crowns affects fracture strength.
The aim of the present study was therefore to compare the fracture strength of high-translucent Y-TZP and lowtranslucent Y-TZP and lithium-disilicate glass ceramic crowns with varying thickness.
The hypotheses were:
• The fracture strength of high-translucent Y-TZP crowns would be lower than the fracture strength of low-translucent Y-TZP crowns.
• The fracture strength of Y-TZP crowns would be greater than the fracture strength of lithium-disilicate glass ceramic crowns of equal thickness.
Materials and Methods
One hundred and twenty monolithic crowns were made with varying thicknesses. Fifty crowns were made from low-translucent Y-TZP (LTZ) (Lava Zirconia, 3M ESPE, Seefeld, Germany), 50 crowns from high-translucent Y-TZP (HTZ) (Lava Plus, 3M ESPE) and 20 crowns from lithium-disilicate glass ceramic (LDS) (IPS e.max CAD, Ivoclar-Vivadent AG, Schaan, Liechtenstein) ( Table 1) .
Tooth preparation and die fabrication
A tooth replica of the first mandibular molar (tooth 36) made from composite material (KaVo Dental GmbH, Biberach/Riß, Germany) was prepared to receive a full anatomic crown using a chamfer diamond bur (268. facturer's instructions to reduce stress concentration and reduce the need for drill compensation in the milling process (Fig. 1A) . A master die was fabricated by cutting the prepared tooth model 2 mm below the preparation margin and fitting it on a 14 mm diameter plexi glass cylinder (Plexlite, Plastprodukter AB, Malmö, Sweden). Undercuts were blocked out using blue wax (THOWAX, sculpting wax, blue, YETI Dental Produkte GmbH, Engen, Germany) (Fig. 1B) .
Ten impressions of the master die were made using a low viscosity lab silicone impression material (Dublicil 15, Dreve Dentamid GmbH, Unna, Germany). The impressions were poured with an epoxy resin (EpoFix, Struers, Ballerup, Denmark) reinforced with 40% SiO 2 powder filling (Fig. 1C) . Each impression was poured 12 times producing a total of 120 abutments. The abutments were randomized between the different groups of crowns.
Crown fabrication
The master die was scanned using a lab scanner (3Shape D700, 3Shape A/S, Copenhagen, Denmark) and imported into a CAD-based design application (3Shape Dental Designer, 3Shape A/S) where five different crowns were designed with varying thicknesses: 0.3 mm, 0.5 mm, 0.7 mm, 1.0 mm, and 1.5 mm (Fig. 2) .
LavaZirconia (LTZ) and LavaPlus (HTZ) groups:
Die interface parameters were set to match the settings recommended by the manufacturer with a cement gap of 25 μm and distance to the margin line of 0.3 mm. A total of 10 groups each containing 10 crowns were made from the two zirconia materials i.e. 50 LTZ and 50 HTZ. The crowns were made with uniform thicknesses varying from 0.3 mm, 0.5 mm, 0.7 mm, 1.0 mm, and 1.5 mm. The cervical thickness of all crowns was 0.3 mm.
CAM-files were exported as ULDC-files and sent to a Lava Milling Centre for production (Lundbergs Tandtekniska Laboratorium, Umeå, Sweden). After milling in a pre-sintered stage, the crowns were dyed with dyeing liquid (Lava Plus High Translucency Zirconia Dyeing Liquid -A3, 3M ESPE) and sintered, all according to the manufacturer's instructions. Subsequent polishing of the external surfaces was done with brushes (Robinson's Bristle Brushes, soft no.9, Buffalo Dental Manufacturing Co, Syosset, NY, USA) and polishing paste (Zircon-Brite polishing paste, DVA Inc, Corona, CA, USA). The inner surfaces were sandblasted with 50 μm Al 2 O 3 at 0.2 MPa pressure (Zhermack SpA, Rovigno, Italy) and cleaned in an ultrasonic bath for 3 min at 42 Hz (Ultrasonic Cleaner CD-4800, Sharpertek, Pontiac, MI, USA).
IPS e.max CAD (LDS) groups:
Two groups of ten crowns were made. The groups were made with the same design as the 1.0 mm and 1.5 mm LTZ and HTZ crowns. CAM-files were sent to a milling centre for production (Dental Syd, Malmö, Sweden). After milling, the crowns were crystallized and glazed according to the manufacturer´s recommendations. The inner surfaces were etched with 5% hydrofluoric acid (IPS Ceramic Etching Gel, Ivoclar-Vivadent AG).
Thermocycling
All crowns underwent 5,000 cycles (thermocycling device, LTC 100, LAM Technologies, Florence, Italy) between two water baths, 5°C and 55°C. Each cycle lasted 60 s; 20 s in each bath and 10 s for transfer between the baths.
Cementation
The resin abutments were sandblasted with 125 µm Al 2 O 3 at two bars pressure and 5 cm distance at a 90° angle. Abutments and crowns were cleaned in an ultrasonic bath for 5 min and rubbed with 95% ethanol.
The HTZ and LTZ groups were cemented using RelyX Unicem (3M ESPE) and the LDS groups were cemented using Multilink Implant (Ivoclar-Vivadent AG) according to the respective manufacturer's protocols. Excess cement was removed using a brush. The cement was light cured from three directions, 20 s each, with a light curing lamp (Elipar S2, 3M ESPE).
During polymerization of the cement, the specimens were fi xed in a jig with a constant occlusal load of 15 N. After cementation, the specimens were stored for 24-48 h in a sealed plastic container with a thin layer of water to prevent drying of the cement.
Preload
All specimens were subjected to cyclic preload: 10,000 cycles with loads between 30-300 N at 1 Hz in a preload device (MTI Engineering AB, Lund/Pamaco AB, Malmö, Sweden). Preload was performed with the specimens submerged in water and load was applied with a 2.5 mm stainless steel ball placed on the occlusal surface of the crowns, mounted at a 10° angle (Fig. 3) .
Load to fracture
All specimens were loaded to fracture in a static loading device (Instron, Instron Co. Ltd., Norwood, MA, USA). The load was applied with a 2.5 mm stainless steel ball placed on the occlusal surface of the crowns, mounted at a 10° angle. The speed of the cylinder was 0.255 mm/ min. A thin plastic foil (PE-Baufolie, Probau, Mannheim, Germany) was inserted between the crown and the ball.
The load at fracture was registered. Fracture was defi ned as a visible crack in combination with a load drop or an acoustic event, whichever came fi rst. Photographs of the specimens were taken under a light microscope (Wild M3, Wild Heerbrugg, Heerbrugg Switzerland) at 8× magnifi cation. Fracture mode was defi ned as crack or complete fracture.
Statistical analysis
The results were analyzed using one-way ANOVA and Tukey's Post Hoc Test using IBM SPSS Statistics for Macintosh, Version 22.0 (IBM Corp, Armonk, NY, USA). Results were considered statistically signifi cant at a P-value < 0.05.
Results
The load at fracture decreased from thicker to thinner within the same material for all groups. The differences were statistically signifi cant for all groups (P < 0.017) The load at fracture of HTZ was equal to that of LTZ except for 0.5 mm thickness where HTZ showed higher load at fracture values (P = 0.032).
The load at fracture of Y-TZP crowns (LTZ and HTZ) was significantly greater than LDS crowns (P = 0.000) ( Table 2 , Fig. 4) .
Two types of fracture were recorded: partial crack-like and complete fractures through the crown (Fig. 5 A-D) . For the LTZ group, crack type fractures dominated, although for the thicker crowns (1.0 mm and 1.5 mm) the majority of the fractures were complete. For the HTZ and LDS groups, the crack type fractures were predominant irrespective of crown thickness.
Discussion
The high-and low-translucent zirconia crowns performed equally well. The first hypothesis was thus rejected. Proposed concerns that manipulation of grain size and change of dopants may affect the mechanical properties of high-translucent zirconia were thus dismissed in the present study. All Y-TZP crowns showed significantly higher fracture strength compared to LDS crowns, thus confirming the second hypothesis. Considering the differences in structure and properties of these two materials, this outcome was expected. LDS materials do not possess the same fracture toughness as Y-TZP materials with their unique ability for phase transformation to counter crack propagation.
Reducing the dimensions of a restoration will reduce its strength (11) . The results in the present study showed, as expected, that the strength increased with increasing crown thickness for all groups. The main purpose of the study was not to corroborate this fact but rather to investigate the relationship between strength and changes in thickness of monolithic crowns and to compare the three included materials that are considered to be suitable for crowns within the same field of indications. The choice of crown thickness was made by taking into consideration the recommendations of the respective manufacturers. In addition, a group of 0.3 mm crowns, which is less than recommended, and crowns with increased thickness (e.g. 1.5 mm), were included to test limits and make comparisons.
An anatomical shape of crowns was chosen to ensure an in-vitro setup, mimicking the clinical situation as far as possible. One mm occlusal reduction was done to be able to use the same die shape and size throughout and accommodate the gradually increasing thickness of crowns. Another way would be to gradually reduce the dimension of the dies for each increase in crown dimension. This leads to a reduced die for the thicker crowns which might lead to reduced support as well as differences in Hoop stress between groups as Hoop stress is diameter dependent.
In addition, an abutment material with tooth-like properties was chosen. By using an epoxy material saturated with silica powder, two objectives were fulfilled: the die strength increased and conditions for a chemical bond between the silica component in the die material and the adhesive cement system could be created. Microme- chanical retention was achieved by sandblasting the die prior to cementation. The modulus of elasticity of the die material (4.7-4.9 GPa) was close to that of dentine (8.7 to 11.2GPa) (12) compared to other materials used for dies, e.g. aluminium (69 GPa) or resin (2-3 GPa) (13) .
All specimens irrespective of material were treated in the same manner except for the choice of cement that was based on the manufacturer's recommendations. Studies have shown that the choice of cement is not important for the strength of Y-TZP restorations since the material is intrinsically strong enough and does not require further reinforcement by any particular cement (14) . A resin-based cement was chosen as studies have found less occurrence of loss of retention in Y-TZP restorations cemented with adhesive cements (15) . The IPS e.max CAD material is more susceptible to stress-corrosion depending on the high glass content in the material (1). These restorations benefit from reinforcement by adhesive cement and consequently such a cement, recommended by the manufacturer, was used for the LDS groups.
Several studies have shown a significant decrease in load at fracture in specimens subjected to artificial aging procedures (16) (17) (18) . In this study, 5,000 cycles in a thermocycling device were used which has been suggested to represent half a year of in vivo use and 10,000 cycles of preload (16) . Thermocycling was performed prior to cementation, which could be disputed as the procedure has predominantly been argued to affect the cement. The objective of the present study was not, however, to evaluate cement bond strength and possible debonding during loading, but rather to evaluate the influence of water on the strength of different ceramics, as presence of water has been suggested to weaken inter-atomic ceramic bonding as well as cause yttria depletion (1) . In this way, all surfaces of the specimens were accessible for potential water-related damage.
Reported loads during normal function vary considerably; there is no accepted consensus on either loads present in vivo or how they should be replicated in vitro. Some authors use lower loads, 100-200 N, others use loads in the range of 500-800 N (17). Kohorst et al (17) concluded that "artificial aging resulted in a significant decrease in load-bearing capacity whereas variation in aging parameters did not show significant influence". In the absence of an accepted consensus, preloading between 30-300 N was chosen to avoid using either too low or too high loads.
Load to fracture was performed using a 2.5 mm stainless steel ball. Larger diameter indenters have been suggested to better represent clinical wear facets (19) . This may have influenced the results of the present study which must be interpreted accordingly. On the other hand, larger diameter indenters are difficult to place in the fossae of anatomically shaped crowns, instead, the cusps are pressed laterally with failures resulting from cracks initiating in the occlusal fissure. The cross head speed of 0.255 mm/min was chosen as this seems sufficient to allow for crack build-up and propagation. This test set-up has been used to examine different ceramic materials in a variety of studies over a long period of time, making comparisons between studies possible (20) .
In the present study, there were two types of fractures, crack and complete fracture. In a similar in-vitro study investigating the load bearing capacity of Y-TZP, lithium-disilicate glass ceramic and metal-ceramic crowns, the Y-TZP and lithium-disilicate glass ceramic crowns all failed by complete fracture (21) . The specimens in that study did not, however, undergo any artificial aging procedures as in the present study, which might be one explanation for differences in fracture mode. Another difference was that the present study used a 10° angulated load. The 10° tilting leads to elements of tensile forces in addition to pure compressive forces and also a slight sliding action, creating more complex stresses. The outcome of the present study may perhaps better represent how crowns react in a clinical situation considering the use of artificial aging, angulated load and complex stresses.
One might hypothesize that there would be differences in fracture mode as well as fracture strength between the Y-TZP and LDS group, considering the differences in material properties. However, significant differences were not shown in the present study, despite numerical differences among some of the thicker LTZ crowns. A possible explanation could lie in the test set-up, or the fact that no power analysis was performed and that more samples are needed to detect possible differences.
The lowest recorded load at fracture within the 1.0 mm crown groups was 634 N (IPS e.max CAD), and for the Y-TZP groups at thicknesses of 0.5 mm was 550 N (Lava Zirconia). Compared to the forces measured during mastication and swallowing (approximately 5 to 364 N) (20) , our results suggest the possibility to reduce crown thickness when working with monolithic ceramic Y-TZP materials. By minimizing the invasiveness of the preparation, it is possible to save valuable tooth structure.
To directly apply information obtained from in vitro tests to recommendations for clinical performance is not possible as the clinical situation is never fully replicated in laboratory testing (22) . This is true for all restorations and materials. Ceramic materials, such as Y-TZP and glass ceramics also show a greater scatter in fracture strength compared to other material groups, e.g. metals. This calls for a certain safety factor approach when designing ceramic restorations. This, in combination with the maximum bite force recorded during clenching efforts (approximately 216 to 890 N) (20) , calls for caution when reducing the crown thickness, especially when approaching the manufacturers set lower limit of 0.5 mm. Much strength can be gained with even a slight increase in thickness, as the present study shows. For example, increasing the thickness from 0.5 to 0.7 mm, still a minimally invasive preparation, leads to an increase in strength of 31% for the high-translucent and 55% for the low-translucent Y-TZP crowns.
Within the limitations of this in-vitro study, the following can be concluded: crowns made of high translucent Y-TZP show equal fracture strength compared to crowns made of low translucent Y-TZP, irrespective of thickness, suggesting equal clinical performance.
Both high and low translucent zirconia crowns show higher fracture strength compared to corresponding crowns made of lithium-disilicate glass ceramic material, suggesting improved clinical performance for zirconia crowns. Further clinical studies are needed to confirm these findings.
